We study collective and single-particle intersubband excitations in a system of quantum wires coupled via weak tunneling. For an isolated wire with parabolic confinement, the Kohn's theorem guarantees that the absorption spectrum represents a single sharp peak centered at the frequency given by the bare confining potential. We show that the effect of weak tunneling between two parabolic quantum wires is twofold: (i) additional peaks corresponding to single-particle excitations appear in the absorption spectrum, and (ii) the main absorption peak acquires a depolarization shift. We also show that the interplay between tunneling and weak perpendicular magnetic field drastically enhances the dispersion of single-particle excitations. The latter leads to a strong damping of the intersubband plasmon for magnetic fields exceeding a critical value.
One-dimensional electronic systems (quantum wires) have attracted much interest in recent years. Using modern lithographic techniques, quantum wires are usually fabricated on two-dimensional electron gas confined to the z = 0 plane, by imposing an additional confinement along the x direction. Much insight into the electronic properties of such systems is gained from optical experiments such as far-infrared (FIR) absorption spectroscopy [1] [2] [3] [4] [5] [6] [7] and inelastic light scattering. [8] [9] [10] Owing to the size-quantization of energy levels, the excitation spectrum is split into intrasubband and intersubband excitations. Extensive theoretical studies of collective excitations (plasmons) were done both on isolated wires and multiwire superlattices. [11] [12] [13] [14] [15] [16] [17] [18] In many experiments the confining potential is of parabolic form to a very good approximation. In this case the generalized Kohn theorem 19, 20 guarantees that the frequency of the absorbed light is precisely equal to the frequency ω 0 of the bare confining potential and, thus, is independent of interactions and electron concentration. The resonant frequency ω 0 is, in fact, the frequency of the fundamental mode of the intersubband plasmon, corresponding to a collective motion of the center of mass of the many-electron system. Since the incident light is coupled to the center of mass only, the absorption spectrum represents a single sharp peak centered at this frequency. On the other hand, the frequencies of singleparticle intersubband excitations are renormalized by interactions and therefore do depend on concentration. 21 These frequencies generally lie below ω 0 ; however, they are not visible in FIR absorption experiments.
The nonparabolicity of the confining potential can strongly affect the absorption spectrum. In particular, a single absorption peak is split into several peaks corresponding to the frequencies of higher intersubband resonances. 7 Also, the position of the main absorption peak is shifted from ω 0 by an amount depending on electron concentration. This depolarization shift, which is caused by resonant screening, measures, in fact, the strength of electron-electron interactions in the quantum wire and can be quite significant if the concentration is high or the nonparabolicity is strong. 4 Detailed numerical studies of the effect of nonparabolicity on both intra-and intersubband excitations were performed in Ref. 22 .
Usually, absorption experiments are done on quantum wire arrays and superlatticies rather than on a single wire. Correspondingly, the properties of collective excitations become dependent also on the interwire coupling. The latter was shown to be particularly important for intrasubband plasmons in lateral multiwire superlattices. 14, 15 In a recent FIR absorption experiment 7 a splitting of the fundamental intersubband plasmon mode with magnetic field at high electron concentration was observed. On the other hand, if wires are close enough, so that interwire coupling is significant, then the confining potential in each wire is, strictly speaking, no longer parabolic. It is not a priori clear which features of the observed absorption spectrum should be attributed to the interwire interactions or tunneling, and which are caused by the nonparabolicity of the confining potential itself.
In this paper we study the effect of interwire tunneling on the absorption spectrum.
The geometry under consideration represents a pair of identical parallel wires separated by a distance d. The form of the confining potential for the double-wire system is depicted schematically in Fig. 1 . It represents a double-well with a barrier allowing weak tunneling between the wells. We assume that the two wires are not too close to each other, so that the confining potential of each wire can still be considered as parabolic. We show that the tunneling between two such parabolic wires brings about the depolarization shift of the intersubband plasmon frequency. At the same time, additional peaks appear in the absorption spectrum, which correspond to the intersubband single-particle (SP) excitations. Perhaps as the most interesting effect, we also demonstrate that as a result of level splitting, caused by tunneling, the absorption spectrum becomes extremely sensitive to a weak perpendicular magnetic field. In particular, for fields larger than a critical value, the plasma mode is shown to be strongly damped by single-particle excitations, providing a unique experimental signature of the effect. We also argue that a similar, but weaker, effect should be present in a system of coupled quantum wells.
To start with, the bare confining potential for each wire is parabolic, mω
(m is electron mass), with the upper (lower) sign corresponding to the left (right) wire.
The energy spectrum of free electrons in the ith wire (i = 1, 2 for the left and right wire, respectively) is given by E in (k) = E in + p 2 /2m, where p is the momentum along the wire and E in is the energy of the nth subband (we seth = 1). In the following we assume that concentration is low and take into account only two (with n = 0, 1) subbands in each wire with only the lowest subband occupied in the ground state. The wave-functions in each wire are represented by the products
where L y is the normalization length. The tranverse wave-functions ϕ i n (x) are harmonic oscillator wave-functions centered at the potential minima: ϕ i n (x) = ϕ n (x ± d/2) with upper (lower) sign corresponding to i = 1 (2) . The free tight-binding Hamiltonian for the doublewire system with tunneling has the form
were a † in (p) is creation operator and t n (p) is the tunneling amplitude. We assume that the tunneling is weak: specifically, the amplitude t n (p) is much smaller than the subband separation, ∆, for all |p| ≤ p F (p F is the Fermi momentum). We also assume that the energy separation between the Fermi level and the bottom of the n = 1 subbands is also of the order of ∆. In this case we can ignore the tunneling between n = 0 subbands and set t 0 (p) = 0 in the rest of the paper. We consider identical wires in what follows so that
The dependence t 1 (p) reflects the fact that the tunneling amplitude depends on energy and, thus, is an increasing function of p. The specific form of this dependence is determined by the shape of the confining potential in the tunneling region. For weak tunneling, the amplitude t 1 (p) can be calculated quasiclassically
where s(p) is the classical turning point to be found from equation V (s) − E 1 (p) = 0. In order to have an analytical expression for t 1 (p), we adopt the following approximation for the potential in the tunneling region
where Ω is the curvature of the potential and V 0 is its height. With such V (x) we obtain from (3)
where γ = Ω/π. This expression can be more conveniently presented as t 1 (p) = te
where t is tunneling amplitude at the bottom of the n = 1 subband and the parameter p 0 = √ 2mΩ/π characterizes the increase in tunneling with increasing p. Now, the n = 1 subbands in the wires form "new" subbands due to the tunneling, with energies
As can be seen, the subband splitting, 2t 1 (p) = 2te
, increases with p. Correspondingly, the separation between lower (assumed unchanged here) and upper (new) subbands become
. This means that frequencies of vertical (with no momentum transfer) intersubband SP transitions are now distributed in a finite interval.
The total Hamiltonian of the system with both intra-and interwire electron-electron interactions includes also the term
Here v ij klmn (p) are the matrix elements of the Coulomb potential calculated from transverse wave-functions (1)
where v(x, p) = (2e 2 /κ)K 0 (px) is the Fourier transform of v(x, y) = e 2 /κ √ x 2 + y 2 with respect to y (K 0 is the modified Bessel function and κ is the dielectric constant).
The absorption power of incident light polarized across the wires is related to the conductivity σ(ω) by
where E is external electric field. In the following we evaluate σ(ω) within the randomphase approximation (RPA). The system described by the Hamiltonian H = H 0 + H int contains both intra-and intersubband excitations. It can be shown, however, that only the latter contribute to the response to a spatially homogeneous electric field. 12 In this case the expression for the conductivity reads
where x i 01 is the intersubband matrix element of x in the ith wire. The matrix Π is related to matrix elements of interaction (8) as (in matrix form)
where χ(ω) is the intersubband polarization of free electrons which, in general, is also a matrix in the wire indexes. It can be shown further that in the model with the tunneling between n = 1 subbands only, the polarization matrix is diagonal, with equal elements for identical wires: χ ij (ω) = δ ij χ(ω). The function χ(ω) can be easily calculated using standard Matsubara techniques. 23 The result is
where n 0 (p) is the Fermi function (we assume concentration in both wires equal and mea- 
Note that in this case only the in-phase mode, described by equation
contributes to the absorption. Indeed, using x i 01 = l/ √ 2 with l = 1/ √ mω 0 , one can easily obtain from (10) and (11) after simple algebra that
Generally, in order to make RPA consistent with Kohn's theorem, it is necessary to include the effects of screening by adding the self-consistent potential due to the electronelectron interaction to the bare confining potential. 24 This leads, in particular, to the lowering of the the subband separation and, hence, to a shift of the SP excitation frequencies from
where U is the Hartree energy. This change in ∆ cancels, in turn, the depolarization shift of the intersubband plasmon frequency, which otherwise is present in the "naive" RPA for the parabolic confinement. For low concentrations, with only the lowest subband occupied, the screening is weak 21 and can be treated perturbatively. 18 In this case one can use the unperturbed wave-functions (1) in calculating the matrix elements (8) and substitute for subband separation ∆ = ω 0 + Σ 1 − Σ 0 , where Σ n is the first-order Hartree self-energy for the nth subband. Having in mind that the Σ n in each wire includes contributions from both wires, the corresponding self-energies are easily found to be
where N = 2p F /π is the 1D electron concentration. Note that although each Σ n diverges, the difference U = Σ 0 − Σ 1 is finite. Using the identity
which can be proven using the properties of the harmonic oscillator wave-functions in (8),
one then finds
where the analytical form of v 
For the interwire distance larger than the wire thickness, d ≫ l, the integral in (20) It can be easily checked that in the absence of tunneling, the solution ω p of plasmon equation (14) with ∆ given by (16) and (19) is indeed ω p = ω 0 . Since Imχ(ω) = 0 for all ω except ω = ∆ = ω 0 , the conductivity (10) represents a single sharp peak centered at ω 0 .
Let us now first consider the effect of tunneling on SP excitations. With t 1 (p) given by (5), Imχ(ω) can be explicitly evaluated from (12) with the result
and Imχ(ω) = 0 otherwise. Eq. (21) shows that the tunneling leads to a non-zero Imχ(ω) in two frequency intervals. This is related to the fact, already mentioned above, that the dependence of level splitting (6) on momentum along the wires leads to a continuum of SP excitation frequencies even at zero momentum transfer. The width of each interval is determined by the difference between level splitting at the bottom (p = 0) and at the edge (p = p F ) of the n = 1 subbands. Note that the divergency of Imχ(ω) at ω = ∆ ± t is related to the divergency of the 1D density of states at p = 0. Since Imχ(ω) itself is finite in the interval (21), the conductivity (10) should exhibit two peaks corresponding to resonant absorption of incident light at the allowed SP excitations frequencies.
Let us now turn to the main absorption peak corresponding to the intersubband plasmon. Unlike the interwire interaction, the tunneling does shift the frequency of the in-phase mode. (Note that the frequency of the out-of-phase mode is shifted from ω 0 by the amount
−2v
12 1010 (0)N even in the absence of tunneling). One can estimate this shift for the experimentally relevant case of the splitting being less than the Hartree energy. For U ≫ t(p F ), we expect that the depolarization shift δω ≡ ω p − ω 0 ≪ U. Then for the relevant ω the integrand in the expression (12) for χ can be expanded and up to first order in tunneling one gets
where
is the mean square tunneling. Substituting (22) into (14) and solving for ω we then obtain the following estimate for the depolarization shift
We see that the depolarization shift changes with tunneling quadratically. The condition U ≫ t(p F ), under which Eq. (24) was derived, also guarantees that the allowed SP excitation frequencies lie below ω p , so that Imχ(ω p ) = 0. In other words, the absorption spectrum represents a sharp peak at ω = ω p well separated from two smaller and wider peaks corresponding to the SP excitations.
In Fig. 2 we present results of numerical calculations for the depolarization shift of the intersubband plasmon frequency. We take ω 0 = 5.2 meV in accordance to Ref. 9, where parabolic wires with only the lowest subband occupied were fabricated. We plot δω versus tunneling amplitude at the bottom of the subband, t, for three different values of concentration, which correspond to a Hartree energy U ≃ 0.3ω 0 (with κ = 12 corresponding to GaAs). The parameter Ω = π 2 p 2 0 /2m, characterizing the difference in splitting between the bottom and the edge of the subbands, is taken as Ω = 0.25ω 0 . This difference is then of the order of tunneling itself, so that t 2 ∼ t 2 . It can be seen that the dependence of the depolarization shift on t is quite close to quadratic.
In Fig. 3 the conductivity is plotted in units of σ 0 = e 2 N/mω 0 for two different values of t and the same ω 0 and Ω as above. The two smaller left peaks correspond to the SP excitations, while the sharp peak at the right corresponds to the intersubband in-phase plasmon (we have introduced a small phenomenological Imχ in order to make the latter peak visible on the graph). It can be seen that the SP peaks are asymmetric and become larger and higher with increasing t. With the parameters used, the width of the peaks, t(p F ), as well as their separation, 2t, is less than U so that the SP and plasmon peaks are well separated. Note, however, that since since the SP futures are much smaller than the plasmon peak, they would not be seen in experiments where inhomogeneous broadening may be of the same order as the SP peaks.
Let us now study the effect of a perpendicular magnetic field on the absorption spectrum in the presence of tunneling. We assume that the magnetic field is weak so that ω c ≪ ω 0 , where ω c = eB/mc is the cyclotron frequency. Choosing the vector-potential in the Landau gauge, A = (0, Bx, 0), the wave-functions again can be presented as products of the form 
with upper (lower) sign corresponding to i = 1 (2) and l c = 1/ √ mω c being the magnetic length. In Eq. (25) we omitted the factor ω It is important that the confining potential is y-independent so that the tunneling amplitude t(p) connects states with the same momentum. Diagonalizing the free Hamiltonian (2) with E in (p) from (25) , one obtains for the new upper subbands
where E 1 (p) = [E 11 (p) + E 21 (p)]/2 and λ(p) is the field-dependent splitting,
For weak tunneling, one can still use the expres-
The intersubband polarization χ(ω) in the presence of both magnetic field and tunneling, calculated from the Hamiltonian (2) and (25), now has the form χ(ω) = 2 dp
The argument of the Fermi function in (28) implies that the momentum integration is now carried out in the interval −πN/2 + d/2l
. In other words, magnetic field shifts the Fermi momenta to
Note that the while the expression (28) gives χ(ω) in the right wire, the polarizations in both wires are, in fact, equal. Indeed, χ(ω) in the left wire differs from (28) by the opposite sign in front of d; then it can be brought to the form (28) by a change in the integration variable p ↔ −p. It can be readily seen with the help of (27) that in the absence of tunneling the polarization (28) is independent of magnetic field.
The combined effect of magnetic field and tunneling on the SP excitations is illustrated in Fig. 4 . At zero tunneling [see Fig. 4(a) 
, so that the increase in SP excitation frequencies due to the tunneling, ω max − ∆ ≃ p + F dω c , can be much larger than the tunneling amplitude itself. On the other hand, the depolarization shift of the intersubband plasmon is determined by the tunneling, as we have seen above, so that δω ≡ ω p − ω 0 ≪ p + F dω c . As a result, with an increasing magnetic field the SP excitation frequencies can become higher than the plasmon frequency. In other words, for such fields the intersubband plasmon is damped by the SP excitations. The critical field at which the plasmon frequency enters into the region of SP excitations can be determined by equating ω max and ω p . Having in mind that ∆ = ω 0 − U and δω ≪ U, the condition ω max = ω p can be written as
Note that p + F itself depends on magnetic field as well as on interwire distance. The damping of the intersubband plasmon by SP excitations leads to a strong broadening of the absorption peak as the magnetic field exceeds its critical value. In order to estimate the width of the peak, one should evaluate Imχ(ω) for frequencies ω ≃ ω p . Decomposing the integrand in (28) as
and noticing that only the second term contributes for ω ≃ ω p , the expression for Imχ(ω) takes the form
For relevant momenta, λ(p) can be expanded as
. Then neglecting the second term of the expansion of λ(p) in the argument of the δ-function and performing the integral we obtain
where we replaced ω p − ∆ by U. The argument of the tunneling amplitude in (33) is smaller than p + F , in accordance with (30). Substituting (33) into (15) we obtain the width Γ of the conductivity peak
Correspondingly, the height of the peak is reduced, the peak-value of conductivity now being
In and t/ω 0 = 0.02, the SP excitation frequencies at zero field lie well below the plasmon frequency ω p ≃ ω 0 . It can be seen that with increasing field the upper boundary of SP frequencies also increases and reaches ω 0 at ω c ≃ 0.17ω 0 , which correspond to a magnetic field B ≃ 0.6 T. In Fig. 6 we plot the conductivity for the same parameters and for magnetic fields close to the critical value. For ω c = 0.15ω 0 , which is just below the critical field, the plasmon peak is separated from the SP peaks, only one of which is visible for the parameters chosen. For ω c = 0.2ω 0 , just above the critical field, the two peaks merge and the absorption spectrum represents a single broadened peak.
In conclusion, we studied the effect of weak tunneling on intersubband SP and collective excitations in a system of two quantum wires with parabolic confinement. We have
shown that the frequency of in-phase intersubband plasmon acquires a depolarization shift depending quadratically on the tunneling amplitude. The important distinction between tunneling-induced shift and shift caused by the nonparabolicity of the confining potential is that they depend differently on electron concentration. While the latter increases with the concentration for most types of nonparabolicity, 22 the former is, in fact, inversely proportional to concentration [see Eqs. (24) and (19)]. It should be emphasized, however, that this is true only for low concentrations, when the Hartree energy is small and the subband spacing only weakly depends on density, 21 so that the tunneling amplitude t is nearly densityindependent. We have also shown that the SP excitation frequencies lie in two intervals with the width strongly dependent on parameters of the system, and that these excitations could, in principle, show up in FIR absorption experiments.
The most interesting feature of the system considered is its anomalous sensitivity to a weak magnetic field. We demonstrated that there is a critical magnetic field at which intersubband plasmon becomes strongly damped by SP excitations. Remarkably, this damping occurs at zero momentum, so that it should reveal itself in a sudden broadening of the absorption peak as the magnetic field reaches its critical value. The critical value is determined by concentration and interwire distance and does not depend on tunneling itself. The tunneling, however, does determine the width of the peak. The latter, in fact, characterizes the "mixing" of the "old" n = 1 subbands, which make up the new ones. Clearly, with increasing field this mixing should become weaker so that the absorption peak should become narrower again. Such a simple dependence holds, however, for weak enough magnetic fields, satisfying the condition (ω c /ω 0 )lp + F ≪ 1. For higher fields the zero-field approximation for the wave functions is not valid anymore, so that the subband separation and, hence, the tunneling amplitude t also become field-dependent.
Finally, we note that the considerations above can be straightforwardly generalized to a system of two quantum wells with parabolic confinement. 25 In particular, it can be shown that the depolarization shift of the intersubband plasmon frequency is still given by Eq. (24), where the Hartree energy (at low concentration) is now U ∼ (e 2 /κ)lN, N = p 2 F /2π being here the 2D electron concentration. The in-plane magnetic field shifts the centers of the energy paraboloids, corresponding to different planes, in opposite directions in the p-space by ±d/2l 2 c . This again leads to the enhancement of the SP excitations frequencies, resulting in a damping of the plasmon at critical field given by Eq. (30). However, the width of the absorption peak is reduced as compared to that in the double-wire system. In a similar manner, one can estimate the width in the double-well system as Γ ∼ t 2 dp F ω c (p
with p + F given by Eq. (29). This expression differs from Eq. (34) by a factor, which is small when the magnetic field is close to critical. Physically, the weaker damping of plasmon in double-well versus double-wire system originates from the 2D versus 1D nature of the energy surface in the p-space, since a smaller fraction of the SP excitations in the former system have frequencies close to the plasmon frequency and thus participates in the damping. 
